The splashes from the underwater explosions of 1 and 10 lb. charges of P.E. no. 2 and Nobel's Explosive ' 808 ' at various depths have been photographed with cine-cameras. The experi ments were carried out in a sheltered pond which enabled the surface phenomena to be studied in greater detail than has been done hitherto, and a number of new phenomena have been observed.
In recent years, much has been learnt about the bubble formed by an underwater explosion and the pressure waves generated by it. The behaviour of the water thrown up by such explosions has been studied less extensively, and this paper describes a cinematographic investigation of the phenomena seen above the surface. (1) The explosion generates a spherically symmetrical pressure wave in the water. The pressure due to this wave rises to a maximum value in a few microseconds and then decays in a few tens of microseconds to a small fraction of its maximum value; during the first part of this decay the pressure decreases with time exponentially, but later it ceases to do so. For the explosives investigated the pressure wave contained about one-quarter of the total energy of the explosion.
(2) The explosion generates a bubble which undergoes a damped radial oscillation of considerable amplitude. Thus the bubble generated by 1 lb. of t .n .t . detonated at a depth of 2 m. reaches a maximum radius of 1*13 m. and then contracts to a minimum radius of 029 m., 0*18 sec. after detonation.
(3) Each time the bubble radius passes through a minimum a pressure wave is sent out, the impulse of the first of which is comparable with that of the first shock wave. At the same time it rises by a distance comparable with its diameter. Its shape may depart considerably from the spherical.
(4) Herring (1947) and Friedman (1947) showed that a free surface near the bubble not only decreases the time of oscillation and radius of the bubble, but also repels it. The pressure of a surface does not affect the emission of the initial shock wave.
Hilliar (1919) and several other workers (Wood& Lakey 1942; R. R. L. 1942-3) have investigated the effects of the shock wave and have described the general appearance of the splash from charges at moderate and at great depths as seen from above the surface.
The phenomena they observed were as follows: For moderate depths the surface above the charge is seen to rise into a white dome of broken water (such domes are shown in figures 2, 3 and 4, plates 8 and 9). Some time later this dome is broken through by a rush of gas from the explosion, throwing up plumes of spray which generally appear as broad bush-like eruptions, but sometimes take the form of a single thin spout rising to a great height. The photographs showed the domes to be surrounded by a region of black water now known as the black ring. When the charges were fired at great depths, the surface above them did not rise at all, and there was no sign of the water being broken up; on the contrary when the water was smooth the surface appeared darkened 'as still water is darkened by a catspaw of wind'.
Hilliar also mentioned the similarity of the formation of the dome to the Hopkinson effect (Hopkinson 1914), and pointed out that if the water rose from the surface as soon as it was submitted to a tension owing to the shock wave being reflected as a tension wave, its initial velocity would be given by 2 where P is the maximum pressure in the incident shock wave, c is the velocity of the wave and p the density of the water. Such reflected waves were observed by Hilliar and others. E x p e r i m e n t a l a r r a n g e m e n t s The experiments were carried out in a pond at Staines, about 200 m. long, 80 m. wide and 11m. deep. Approximately spherical charges of Nobel's explosive no. 808 or of P.E. no. 2 ('P .E .') weighing 1 or 101b. were wrapped in cloth, suspended from a wire rope across the pond, and initiated with a no. 8 electric detonator and a no. 6 C.E. pellet. The splashes were photographed at speeds from 16 to 2000 frames/sec. with Kodak magazine, special and high-speed 16 mm. cine-cameras; 64 frames/sec. was the usual speed. The best definition was obtained with 'Kodachrome' colour film when the light was intense enough; otherwise panchromatic film was used, with or without a red filter.
It was found necessary when photographing at more than 1000 frames/sec. with the Kodak high-speed camera to provide artificial illumination by means of flares. The flares employed were of the ' Safe Photoflash ' type designed by Professor Finch and employed in aerial photography. These were fired some milliseconds before the charge by means of a system of relays, so that they had reached their maximum brilliance when the charge was detonated.
The films were measured either with a travelling microscope or by projection, and when measuring the heights of splashes, correction was made for the position of the camera. (1) General appearance of splashes The appearance of the splashes at various times after detonation of the charge is shown in figures 1, 2 and 3. These are enlargments of photographs taken at 64 frames/sec., and the times after detonation to which they correspond are shown under each picture. For a very shallow charge (e.g. 10 lb. at 25 cm.) the first pheno menon to be observed is a cylindrical, apparently hollow splash up the centre of which there later rises a tall narrow column of water. When the charge is 50 cm. deep (figure 1), only vestiges of this apparently hollow cylinder can be seen; the first phenomenon to be observed is a dome from which the water rises in a tall narrow spout. As the depth is increased, this spout becomes wider and apparently denser; the splash is then widest about one-half to three-quarters of the way up. At 1 m., the spout appears an appreciable time after detonation, and the maximum height it reaches is less than for shallower charges. As the depth is further increased, the dome reaches almost its maximum height before a spout of water rises through it, whilst at a depth of 4 m. (figure 2) the dome is collapsing before the bubble breaks through it to form plumes.
Comparison of the results for 1 and 101b. charges showed that the type of splash for a 1 lb. charge at depth D is similar to that for a 101b. charge at depth D x (10)1, as might be expected from considerations of dynamical similarity. Figure 3 shows the splash from a 1 lb. charge at 2 m.
When a 1 lb. charge was placed just above the surface, a thin narrow spout was observed, which is presumably formed when a depression in the water made by the explosion closes up. This is like the formation of a spout from the hole caused by a drop falling into water (Worthington 1908).
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On the few occasions when the water was exceptionally calm, it was found that the domes obtained from charges at intermediate depths (W^/D between 1*0 and 0-3) had quite smooth surfaces, at any rate in the earlier part of their lives; this can be seen from figure 4, which shows the first three frames of the film taken at 64 frames/sec. of the dome from a 101b. charge at 3 m. The domes obtained from charges at very much greater depths (Wi/D<0-25) were, however, found to be spiky even when the water was perfectly calm.
Photographs taken with the camera a metre or so above the water surface showed the domes to be surrounded by black rings, the outer edges of which were not very sharp when the water was rough. In calm water the edges were considerably sharper and the rings generally appeared blacker than at other times (see figure 4) .
The appearance of these black rings in the cine-records was found to depend on the position of the camera, and on the direction of illumination. Thus in photographs taken from a tower 120 ft. high and 360 ft. from the charge, the black ring was very much less pronounced and did not appear to have any very definite outer edge. Figure 5 , plate 9, shows the dome from a 101b. charge at 5 m. taken from this position. On one occasion when the water was quite calm and the area around the charge was already darkened by reflexions from the bank, the film showed no black ring, the water surrounding the dome being, if anything, lighter than elsewhere.
(2) Height splashes
The height of the splash is plotted against time for 101b. charges of Nobel's Explosive no. 808 in figure 12a, and for 1 lb. charges in figure 12 h. It may be seen from the graphs for shallow splashes that the splash is subjected to a much greater deceleration than that due to gravity. The velocity fell to zero at a depth of 7 to 8 m., the white dome disappearing at about the same depth (the 'critical depth'). In rough water, however, small areas of whiteness could often be seen at depths up to 9 m. At greater depths all that could be seen was a circular area of blackness as though the black ring had expanded inwards and obliterated the dome. 
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where 6 is the angle with the vertical of the line joining the point on the surface to the charge, V is the velocity of rise at the centre of the dome and is a constant depending on the weight and depth of the charge. ' A short time, t, after detonation, the height H of any part of the dome will be given by Vt. So that, expressing the shape of the dome in terms of D, the depth of the charge, and R, the radial distance from a point on the surface vertically above charge, we have Splashes from underwater explosions 385 
386
The high initial velocity and deceleration of the drops present difficulties in the measurement of their size, since the Reynolds numbers met with are much higher than any for which the deceleration has been calculated or indeed observed pre viously. Measurements were therefore made where possible of the terminal velocity of fall of clouds of drops in the splashes, and in a number of cases this was found to be 8 m./sec. In no cases was it higher than this, but it was sometimes less. Flower (1928) H. Kolsky and others has shown that the maximum velocity of fall of a drop is 8-1 m./sec. and that this is reached by drops of 5 mm. in diameter, larger ones becoming deformed or broken before they can reach a higher velocity. It is, therefore, unlikely that any drops much larger than 5 mm. in diameter persist long after the splash begins to rise.
(5) Diameter of dome and black ring The films taken at 64 frames/sec. showed that the domes did not reach their maximum diameters until the second or third frame, and then started to contract slowly. The black ring on the other hand did not normally appear at all until the second frame, and did not subsequently change very much in diameter (see figure 3, plate 8).
Figures 15 and 17 show the growth and decay of the dome diameters for 10 and 1 lb. charges, and in figure 17 the behaviour of the black ring is also shown. These curves are characteristic of all charges in rough water for the range 0-2 < Wi/D < 2 ; the time scale increasing proportionately to Wi for charges of different mass at corresponding depths.
In figure 15 the growths of domes from 10 lb. charges at 3 and 10 m. are compared; it may be seen that the dome contracts very much more rapidly for the deeper charge and this was found generally to be so. If it is assumed that the contraction of the dome corresponds to the water falling back to the level of the undisturbed surface, the rate of contraction of the dome diameter should give an indirect method of determining the initial velocities at the outer edge of the dome. Since the velocity of rise is very small, the drops will be decelerated mainly by gravity, so that the time for a drop to rise and fall back into the water, t, is related to the initial velocity, u, by the relation
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The shape of the decay curve should therefore be similar to the profile of a vertical section of the dome near its edge if the time axis is multiplied by and taken to correspond to initial velocity of rise. An examination of the early part of the decay curves indicates that this is at least approximately true, the more gradual slope at the edges of the domes from deeper charges corresponding to the sharper drop in these curves.
In calm water the diameters of the domes were found to be considerably smaller than when the water was at all rough, and figure 16 shows the curve for the dome and black ring of a 10 lb. charge at 3 m. under these conditions. On comparing this with figure 15, it can be seen that the maximum diameter of the dome is considerably less, and that one-third of a second after detonation there is a sharp rise in the diameter of the dome and the black ring. This rise in dome diameter brings it to the value found for the same time in rough water shown in figure 15 and the subsequent decay of the dome diameter may be seen to be the same in the two cases.
This sudden rise in the diameters of the domes in calm water, as well as the quite definite humps seen in figure 15 for charges in rough water, may be correlated with the secondary shock waves sent out by the oscillations of the bubble and are dealt with in detail in a later section.
As the depth of the charges was increased, the maximum diameters of the dome and black ring were found to increase up to depths corresponding to a 1 lb. charge at 5 m. At greater depths the diameters began to contract, the dome diameter decreasing to zero at the 'critical depth' which was about 8-5m. for a lib . charge.
In tables 3 and 4 these maximum diameters are given for 1 and 101b. charges at various depths. The values of P cos 6 are also given, whe vertical of the fine joining the charge to the edge of the dome and black ring and P is the corresponding maximum pressure at the edge. The calculation of P is discussed in a later section.
It will be seen that for Wi/D > 1 these products are approximately constant, but show a tendency to increase for the deeper charges. The ratio between these products for the edge of the dome and the black ring is given in the last column of the tables and may be seen to be approximately 2.
(6) Fine structure of the black ring In order to elucidate the nature of the black ring a number of photographs were taken at 64 frames/sec. with telephoto lenses. These gave the following results which are illustrated in figures 6 and 7, plates 9 and 10.
A. In very calm viater the first and second frames show a number of small hillocks (figure 6), from which continuous jets of water then rise to a height of about 10 cm. and then break into drops a few millimetres in diameter.
Some indication of the reason for the formation of these individual spikes was given by an experiment in which pieces of string were hanging down into the water. The cine-film of the dome showed small jets of water climbing up the string even in the area of the black ring, indicating that the formation of these spikes is facilitated by inhomogeneities in the surface of the water.
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H. Kolsky and others B. For rough water the appearance of the black ring is shown in figure 7. It may be seen that the waves already present in the water are markedly increased in amplitude; the crests of those nearest the centre of the dome being broken up into drops. The presence of individual spikes can also be clearly seen, but these too, tend to be concentrated at the crests of waves. The water in the dome, on the other hand, is so completely broken up that the incident light is scattered equally in all directions, giving it a white appearance.
(7) The crack
The first frame of the photographs at 64 frames/sec. sometimes showed a blurred circular area of whiteness considerably greater in diameter than that observed in the second and subsequent frames. In order to investigate this phenomenon, and to study in greater detail the early growth of the dome and the appearance of the black ring, some experiments were carried out, using the Kodak high-speed camera.
As has already been mentioned, it was found necessary to use flares for this work and these were suspended vertically above the charge, the camera being 60 ft. up a tower, 360 ft. away from the charge.
The films from the high-speed camera showed that the first phenomenon to be observed above the surface, after the charge had been fired, was a bright circular patch which expanded rapidly over the surface of the water, becoming darker in colour so that it could no longer be seen a few msec, after detonation. The effect is shown in figure 8, plate 10, which gives the first three frames from a 1 lb. charge at a depth of 2 m. taken at 2000 frames/sec. (the vertical streaks on the photographs are due to small particles from the flare impinging on the water). the black ring was very ill-defined for the first few frames and the measurements of its diameter consequently show a large scatter. The radial distance from the charge to the edge of the 'crack' was found to increase linearly with time at a velocity of 1540m./sec. This is extremely close to the velocity of sound in water and indicates that the appearance of the 'crack' corresponds to the arrival of the shock wave at the water surface.
(8) Effects due to the bubble Most of the effects so far described are associated with the pressure wave sent out by the explosion and reflected at the free surface of the water. In addition to these, however, other phenomena occur which appear to be due to the large bubble of gas generated by the explosion, and which in the case of the shallowest charges completely mask the dome produced by the shock wave.
The phenomena may be conveniently considered under three headings: (а) The central spout which is observed with shallow charges. This is the effect of the initial expansion of the bubble.
(б) The discontinuities in the rate of decay of dome diameters, and the appearance of subsidiary domes. These phenomena are associated with the subsequent oscillation of the bubble.
(c) The emergence of the gases when the bubble has risen to the surface under gravity.
(a) The central spout
Though the internal structure of the splashes cannot easily be observed owing to the screening of the cloud of drops around it, it was noticed that in some photographs there appeared to be a central column of water of considerably smaller diameter and higher density than the rest of the splash. Some experiments were therefore carried out in which dye was inserted at various points about the charge and the splash was photographed with 'Kodachrome' colour film.
A magenta dye, known as 'Acid Magenta AS ', was used. 1 oz. of the powdered dye was placed in a test tube to which a no. 8 detonator was attached by means of adhesive tape. Preliminary experiments showed that this broke up the tube satisfactorily. This assembly was placed at various points with respect to 1 lb. charges at 50 cm. depth, the two detonators being wired in parallel.
When the dye was placed below the charge no coloration was seen. When it was placed in the surface of the water above the charge, the top part only of the splash was coloured (figure 9 a, plate 10). When it was placed immediately above the charge, or half way between the charge and the surface, the splash remained white except for a central column which was dyed a deep magenta (figure 96).
The height of the dyed central column was measured at various times and the results are shown in figure 18. From this it will be seen that the central column rose with a velocity comparable with that of the top of the splash. It is believed that whilst the top part of the splash (that shown dark in figure 9 a) is due to the effect of the shock wave, the central column is due to the expansion of the bubble after the shock wave has left it.
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(6) Phenomena associated with the oscillation of the bubble For very deep charges ( Wi/ D < 0-2) a secondary dome was obser the surface after the original dome has beguh to subside. Figure 19 shows the height time curve for a 1 lb. charge at a depth of 6*5 m. and it may be seen that at both 0* 16 and 0-36 sec. after detonation, the water rises after having begun to subside, the effect at 0-36 sec. being the much more marked. Similar effects were observed with shallower charges up to a depth of 4-5 m. although the discontinuity at 0-16 sec. became less marked as a result of the water from the first dome not having reached its maximum height by that time.
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H. Kolsky and others The theory of the motion of the bubble has been worked out by Lamb, Taylor and others and shows that if the charge is at a sufficient depth for it not to break surface in its original expansion it will reach a maximum diameter and then contract again until it reaches approximately its original diameter. It will continue to oscillate in this way, while at the same, time rising under gravity. It may further be shown that during its expanding stages it rises very little, but that the rate of rise increases while it is contracting, and that in the region of its minima it rises very rapidly indeed. It seems reasonable to correlate the formation of the subsidiary domes with the shock waves sent out by the oscillating bubble as it passes through its minima.
Although the pressure pulses sent out by the oscillations of the bubble will decrease in amplitude at each oscillation, as a result of both the energy lost in the preceding pulses and viscosity effects, the bubble will at the same time have risen towards the surface, so that the final effect of the secondary pulses will be similar to that of a smaller charge nearer the surface.
Nobel's Explosive no. 808 may be set off at a lower velocity of detonation (2300 m./sec.) if it is primed with a no. 6 detonator, instead of with a no. 8 detonator and tetryl pellet. Under these conditions the same total chemical energy is released as for ordinary initiation, but the maximum amplitude of the outgoing shock wave is found to be smaller. In this case the initial velocity of rise of the dome is about onethird of that for the explosive detonated normally and the secondary dome effects can be seen much more clearly. Figure 20 shows the height-time relation for a 5 lb. charge of '808' detonated in this way at a depth of 4 m. It can be seen that the secondary dome appears to begin rising about 0*25 sec. after detonation and reaches a height about equal to that of the original dome. It is of interest that the water in the domes under these conditions is decelerated far less rapidly than for comparable charges detonated normally, indicating that the 'degraded' shock wave has not broken up the water so com pletely.
es from underwater explosions Figure 16 shows the decay of dome diameter for a 101b. charge of 'P .E .' no. 2 at 3 m., the experiment having been carried out in very calm water. In this graph a very sharp discontinuity may be seen at 0-375 sec. after detonation, where there is a sharp rise in the diameters of the dome and black ring. When the water was at all rough the effect was never so pronounced, but for all 10 lb. charges a discontinuity in the graphs of dome diameter against time was found to occur between 0-35 and 0-4 sec. after detonation, whilst for 1 lb. charges the discontinuity was at about 0-2 sec.
Here again the effects may be explained in terms of a secondary shock-wave sent out by the bubble during its oscillation, the water that had subsided on the outer edges of the dome being again disturbed by the pulse from the bubble when it passes through a minimum.
From the foregoing results on dome diameters and the appearance of subsidiary domes, it would seem clear that the period of oscillation for the bubble from a 1 lb. charge is about 0-2 sec. and for a 10 lb. charge about 0-4 sec., the deeper 1 lb. charges often showing more than one complete oscillation.
(c)
The emergence of the bubble The final phenomenon which is observed from deep charges is an upheaval of the water due to the emergence of the gases in the bubble. With charges where W^/D < 0*3 this may be clearly seen after the other effects have begun to subside, and figure 10, plate 11, shows three stages in the emergence of the bubble for a 1 lb. charge at 5 m. As the depth is increased the time after detonation of the appearance of the gases increases and in figure 21 the times of appearance are plotted against depth for charges between 3 and 8 m. It is difficult to interpret this curve theoretically, for as Taylor (1942) has shown, the rate of rise of the gas-bubble under gravity varies considerably as the bubble oscillates, so that with deep charges, where several oscillations have taken place, the total time of rise will not be a simple function of the depth. It will be further complicated by the effects of the surface already mentioned. We might, however, expect a periodic step-like variation from a smooth curve, and the graph gives some indication of this.
2-
Taylor has also shown that the bubble is unstable during its contracting stages, and in a few of the experiments with deep charges there was evidence of two or more separate disturbances, showing that the bubble had broken up.
For shallow charges also, a secondary upheaval was found to take place some time after the appearance of the splash. This produced plumes around the central column of water and the time after detonation at which this occurs for charges at various depths is given in table 5. It will be seen that here the time first decreases with increasing depth. This may be due to the bubble breaking out after being repelled from the surface as suggested by Herring (1947).
D i s c u s s i o n o f r e s u l t s
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(1) Calculation of pressure from initial velocity It may be shown from theoretical considerations that the maximum pressure of the shock wave generated by an underwater charge of weight IT at a distance D from the charge is given by " P = ^r r >
where Ci s a constant depending on the type of explosive employed. This relation will hold if the compressibility of water remains constant up to the pressure P . The Road Research Laboratory (R.R.L. 1942-1943) has discussed the relationship between the initial velocity produced at the water surface by such a shock wave, and the peak pressure of the wave. In the case where the tensile strength of water is comparable with this peak pressure they have derived relations for waves in which the pressure declines linearly and exponentially with time.
When the peak pressure is large compared with the tensile strength both these conditions lead to relations which approximate to where c is the wave velocity, p the density and T the tensile stre The results for initial velocities shown in figure 13 correspond to pressures which are large compared with the tensile strength of water and hence the expression for the velocity given in equation (1) This discrepancy may be due to a difference in the heat of the explosion in the case of t .n .t . and the considerable difference in the weight of charge used in the case of • the R.R.L. It is considerably greater than the deviation of our individual results obtained with the high-speed camera, and the systematic errors seem more likely to give too low than too high a result. Further, this method of measuring the maxi mum pressure is not affected by the extremely rapid variation in pressure which takes place near the maximum, and which may lead to difficulties with inertia when any form of pressure gauge is used.
It is, therefore, concluded that for charges of 'P .E .' or ' 808' of weight 1 to 101b. the value of C in equation (6) The mechanism, by which the shock wave from the detonation of the explosive causes the complex phenomena described in previous sections, is not at all well understood. Three distinct theories have been put forward to account for some of these phenomena, but no single theory appears to explain all of the observed effects. A brief account of each of these three theories is given below.
(a) The layer theory
The physical basis of this theory, which was first put forward by Hilliar (1919) is the assumption that when water is subjected to very rapid stresses by the passage of a shock wave, it has a fixed tensile strength of several hundred pounds per square inch. Thus, when the head of the outgoing pressure pulse is reflected at the free surface of the water, a reversal in phase occurs and the tension set up results in a ' fracture ' below the surface, a layer of water being set up with some of the momen tum of the pulse trapped in it (cf. The ' Hopkinson Bar ' (Hopkinson 1914)). The next part of the pulse is then reflected at the new surface and a whole series of such layers are sent up until the amplitude in the tail of the pulse is insufficient to cause further rupture.
This theory accounts for the phenomenon previously described as the 'crack', for the relation between depth and initial velocity, and for the existence of a ' critical depth'. It gives no explanation, however, of the phenomenon of the black ring, or of the formation of individual 'spikes'.
One of the present authors (C.I.S.) has suggested an extension of the theory to account for the black ring phenomena. This is that in the region of the black ring, the shock wave is only of sufficient amplitude for one layer to be formed; this layer is rapidly decelerated as a result of the vacuum formed beneath it, so that it falls back into the water, and as a result of the impact, a roughening of the water takes place which is seen as the black ring. The comparatively sharp outer edge of the black ring in calm water is thus taken to correspond to the maximum diameter at which the shock wave is of sufficient amplitude to cause cavitation in the water.
In the region where two or more layers are formed, the second and subsequent layers are not decelerated in this way as there is a vacuum on either side of them; consequently the first and second layers will collide and break up into the drops which give the dome its white appearance.
The fact that the ' crack ' is seen to extend considerably beyond the maximum diameter of the subsequent dome, and that the maximum observable diameter of the ' crack ' is generally approximately the same as that of the black ring, would 396 H. Kolsky and others seem to bear out this theory. It is also perhaps significant that the quantity cos 6 at the edge of the dome was approximately twice the value at the edge of the black ring. The theory, however, gives no account of the formation of separate 'spikes' in calm water, nor does it account for the increased maximum diameters of the dome and black ring when the water is at all rough. Although there is experimental evidence for the assumption that water can sustain considerable tensions set up by shock waves (Wood & Lakey 1942), it is not known whether the value of this tensile strength is sufficiently constant over any consider able volume of water for continuous layers to be formed. Under static conditions, the negative pressure at which cavitation occurs varies enormously in the presence of local inhomogeneities or dissolved gases.
(b) Multi-bubble theory
Professor N. F. Mott in a private communication has drawn our attention to a theory to account for the phenomena of the 'crack' and of the formation of individual 'spikes' which does not assume a constant tensile strength for water.
When water is subjected to a large negative pressure, any small bubbles of gas present will expand rapidly to very many times their original size (e.g. with a shock wave of peak pressure-200 lb./sq.in., a bubble of radius greater than about 10~5 cm. will expand to a radius of the order of 1 cm.). It may also be shown that, as a result of surface tension, for each negative pressure there will be a minimum radius below which expansion will not take place.
This theory attributes the 'crack' to the expansion of large numbers of such bubbles as a result of the tension set up by the reflexion of the outgoing shock wave at the free surface. In the area of the black ring the peak pressure is smaller and the minimum diameter for a bubble which can expand is consequently greater; bubbles of larger radii will be rarer, and the expansion of those near the surface may account for the formation of individual 'spikes '.
The difficulties of this theory are, first, that if the distribution of bubble size in the water is continuous, it is difficult to account for the comparatively sharp outer edge of the black ring and, secondly, that as the expansion of the bubbles will depend only on the magnitude of the pressure and not on the direction of the wave-front, then P and not P cos 6, would be expected to be constant at the edges of the dome and black ring.
(c) Accentuated-wave theory
Sir Geoffrey Taylor in a private communication has put forward a theory to explain the breaking up of the water surface into drops by a shock wave. He has shown that when any water surface which is not perfectly smooth is subjected to an acceleration greater than that of gravity, the surface will become unstable pro vided that the wave-lengths of the irregularities obey certain conditions.
In the case of the large impulsive acceleration set up by a shock wave striking the surface of the water the general effect will be that any waves in the water will have their amplitude greatly increased, causing a roughening of the water as seen in the black ring. When this magnification is sufficiently great, the crests of the waves Splashes from underwater explosions 397 will break up into drops giving the white appearance of the dome. In this way the appearance of the dome and black ring can be accounted for apart from any questions of cavitation or the formation of bubbles. The results already described in this report, for experiments in water that is at all rough, support this theory. Figure 7 , plate 10, shows the waves in the black ring being enhanced, the crests of those nearest the charge breaking up into drops. The view of the dome in figure 5, plate 9, taken from the tower also shows that the structure of the dome itself is striated, as if it were conforming to the waves originally present in the water.
Although the effects predicted by Professor Taylor's theory certainly appear to take place, the theory gives no account of the ' crack ' phenomena, the effects observed in very calm water, or the formation of separate spikes, and it would thus appear that one of the mechanisms assumed in the other two theories must also be involved.
H. Kolsky and others (3) Expansion of the bubble
The motion of the gas-bubble produced by an underwater explosion has been very fully discussed by several workers and they have shown that if, to a first approxi mation, the bubble is regarded as spherical, then its radius a at any time t after the explosion is given by the differential equation
where a0 is the radius of the bubble at t = 0 (taken as unexploded spherical charge), P is the initial pressure generated in the sphere of radius a0 by the explosion, Q is the total pressure at the depth of the centre of the unexploded charge due to depth and atmosphere, p the density of water and y the adiabatic constant of the gaseous explosion products. (It is assumed that the expansion of the gas is adiabatic.) A first integral of this equation can be obtained using a2d as an integrating factor, and if to get the equation in non-dimensional form we introduce the new variables a = a/a0 and c0 = *J(P/p), we get
We may take y = f as a reasonable approximation, in which case Now in an infinite fluid it may be shown that the fluid velocity at any point at distance r from the centre of such an expanding bubble is given by
where a is the rate of expansion of the bubble and a its radius at the instant con sidered. The fluid was not, of course, infinite in these experiments, so that the hydrodynamic system of perfectly radial motion will not strictly apply to these conditions.
The presence of the surface will bend the streamlines, as shown by Herring (1947). However, the formula above will still give an estimate of the velocities produced by the expanding bubble at points distant from it, provided the charge is a relatively deep one; and we can thus estimate the velocity effects that a deep charge would produce at the surface. It is easy to show in this way that even with the very high velocities associated with the expansion of the bubble in its early stages, the effects produced at the surface when the depth is greater than about 3 m. for a 10 lb. charge or 1-0 m. for a 1 lb. charge, are small in comparison with the effects already produced by the shock wave, while at depths greater still, the bubble produces no measurable effect at the surface during its first expansion. With very shallow charges, however, formula (16) will not apply, for the radius of the bubble very rapidly approaches the depth of the charge, so that the bubble will break through the surface in its first expansion. Here, of course, the hydrodynamic assumptions on which the whole theory of the bubble's motion is based begin to break down; but they will still hold for the early stages of the expansion, so that the velocities calculated in table 6 will give estimates of those with which the bubble will break surface. Thus for a charge at a depth of a few times its original radius, we should expect the bubble to throw up a spout of water immediately with a velocity of the order of 300 m./sec.
Experiments carried out with very shallow charges show that this does happen. Figure 11 , plate 11, shows the splash due to a 101b. charge at 50 cm., 10 msec. after detonation. The photograph was taken with a high-speed camera, the splash being illuminated with two flares above and behind it. It will be seen that a column of water quite different from the dome produced by deeper charges has been thrown up even at this early stage. The initial velocity of this column was measured and found to be 320 m./sec.
If the depth of the charge is increased the effects of the bubble will become smaller in magnitude and will take longer to appear, as the bubble will have expanded further before producing its full effect at the surface. Thus we should expect to find that the first effect of the explosion was the dome thrown up by the shock wave, but that this was very soon broken through by a spout of water produced by the bubble, the time taken for the break-through to occur being greater for increased depths. This phenomenon is in fact what is observed as the ' central spout ', and experiments carried out with dyes show that the water thrown up in this spout came from im mediately above the charge, which would seem to bear out the present theory of its formation.
Clearly there will be a certain depth of charge for which the velocity produced at the surface by the expansion of the bubble will be equal to that produced by the shock wave; for charges shallower than this, the initial velocity of the splash will be governed by the water thrown up by the bubble, and no persistent dome will be observed; for charges below this depth, the initial velocity of the splash will be governed by the water thrown up by the shock wave, and there will be a definite dome, broken through by a central column some time after its formation. It is possible to estimate this limiting depth by comparing the velocities given by equation (16) Moreover, figure 18 shows that in a dye experiment with a 1 lb. charge at 0*5 m., the velocity of the top of the splash (due to the shock wave) was approximately equal to the velocity of the dyed water (due to the bubble).
There are three other features of the central column which it is possible to account for on this theory. First, as has already been mentioned, the water in the central column appears to be far less broken up than the water in the domes. Secondly, the central columns are of considerably smaller diameter than the domes, and thirdly, in several of the photographs (e.g. figure 1, plate 8) 
I. I n t r o d u c t io n
The work described in this paper was undertaken in the first instance to obtain measurements of the losses of energy of slow electrons in collisions with molecules of air, in order to use them in parallel investigations of the properties of the region of the ionosphere by means of the phenomenon of the interaction of radio waves.
